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ABSTRACT
The effects o f m ethylm ercury (M eHg) on the health o f songbirds have not been
adequately studied despite am ple evidence that mercury bioaccum ulates in terrestrial
ecosystems. I perform ed the first analysis o f flight perform ance and molt in captive
M eHg-dosed European Starlings (Sturnus vulgaris). I dosed 60 European Starlings with
m ethylm ercury-cysteine (M eH gCys) through continuous dietary intake at 0.0 ppm, 0.75
ppm, or 1.5 ppm over the course o f tw elve months. To test flight perform ance, I
measured: (1) Take-off angle and speed com bined into a metric o f energy gained during
flight in response to a predator stim ulus; and (2) velocity and angle while m aneuvering
around an obstacle in the flight path. I quantified molt using the Ginn and M elville
method (1983). My results dem onstrate that 40 weeks after treatm ent began, birds in the
0.75 ppm M eHgCys group exhibited a mean 17.2% decrease in energy during escape
take-off relative to birds in the control group and birds treated with 1.5 ppm M eHgCys
exhibited a 30.1% m ean decrease relative to controls (F iao^ 3.80, P= 0.031). Birds with
higher blood mercury also m olted more quickly than controls (y= 0.025x + 0.29, F ]40=
5.097, r = 0.631, P= 0.030). M ercury had no consistent effect on velocity or angle o f turn
while birds navigated through the m aneuverability course ( /y 4l = 0.446, P = 0.644 ; F , 4I =
1.33, P = 0.211, respectively). Overall, my results dem onstrate that sub-lethal levels o f
mercury can cause abnorm al m olt patterns and reduced energy exertion during escape
take-off flight. Inadequate flight perform ance may decrease fitness by reducing the ability
to escape predators or by causing deficiencies in any num ber o f vital behaviors in a b ird’s
life that require efficient locom otion. This research is aimed at beginning to fill in the
know ledge gap concerning risk thresholds for terrestrial songbirds, and indicates that
0.75 ppm and 1.5 ppm dietary m ercury may negatively affect flight perform ance and
molt in exposed songbirds.
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INTRODUCTION

Section I: The Biology of Songbird Mercury Exposure

/’. Behavior o f m ercury in the environm ent
M ercury (Hg) is an element that occurs naturally throughout the world largely in
m ercuric sulfide deposits (cinnabar). It is the only metal that is liquid at standard
tem perature and pressure and it is therefore used in a wide range o f industrial
applications. This industrial use has led to increased mercury deposition into air, soil, and
water, with subsequent redistribution and mobilization through food chains and
ecosystem s (Boenig 2000).
M ercury is toxic in both inorganic and organic com pounds but its organic forms are
the most bioavailable (Boening 2000; Burcher et al. 2006). Inorganic mercury, often the
form released by anthropogenic activity, is converted into organic forms by anaerobic
m icroorganism s in the environm ent (W olfe et al. 1998). Chloride and sulfide bind to
ionic mercury (Hg (II)) and create a neutral species than can cross the cell m em brane o f
bacteria, where a methyl group donor can m ethylate the mercury, creating m ethylm ercury
(M eHg). Anoxic environm ents with abundant sulfur, aluminum, and low pH catalyze this
process. Com binations o f these characteristics can often occur in aquatic environm ents
and can lead to abundant conversion o f inorganic m ercury into bioavailable forms.
M ethylation can also occur outside o f bacteria through abiotic reactions. For exam ple,
industrial w astew ater and sewage effluent can catalyze m ethylation o f inorganic m ercury
(U lrich et al. 2001). It is well known that M eHg bioaccum ulates and biom agnifies as it
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moves up the food chain in aquatic habitats (Wolfe et al. 1998; Boening 2000), but this
process can also occur in terrestrial ecosystem s (Evers et al. 2005; Rim mer et al. 2005;
Driscoll et al. 2007). M eHg bioaccum ulation has been shown to have deleterious effects
on aquatic and terrestrial vertebrates, invertebrates, and plants alike (Boening 2000;
Scheulhammer 2000; Seewagen 2010).

it M ercury as a global pollutant
Over the past two decades, anthropogenic mercury deposition into air, water, and soil has
doubled or tripled global m ercury fluxes (Driscoll et al. 2007). Some sources o f Hg
pollution include gold and silver mining, industrial effluent, agricultural drain water,
decom posing organic m atter behind dams, and burning o f fossil fuels. A pproxim ately
50% o f atmospheric m ercury is the result o f human activity (Pacyna et al. 2006; W ilson
et al. 2006). Combustion o f fossil fuels, primarily coal, for energy generation is an
especially significant source o f pollution, producing one-third o f the total atmospheric
m ercury (Pacyna et al. 2006; W ilson et al. 2006). A tm ospheric m ercury is mobilized
through trade winds and je t streams and can accumulate thousands o f miles from its
source. For example, the A dirondack M ountain region in northeastern N ew York is
considered a biological “hotspot” due to mercury accum ulation stem m ing from coal
plants in the M idwest (Adams et al. 2009; Selvendiran et al. 2009). M ercury has even
been detected in Antarctica, where there are no proxim ate anthropogenic sources (W ilson
et al. 2006). In the USA some progress has been made in reducing atm ospheric mercury
at the state level, for exam ple Illinois plans to reduce em issions o f Hg from coal by 90%
by the year 2018 (Illinois Clean A ir Interstate Rule). However, m ercury persists
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throughout ecosystems decades after deposition. In one w ell-docum ented case, levels
remained elevated for over a century in an area in Nevada surrounding a m ercury pointsource that released 7.500 tons o f mercury into the environm ent in the 1800s (Bradford et
al. 2012).
Mercury pollution is an enduring and growing problem throughout the world. W hile
there has been some progress made in developed countries, em issions continue to rise,
especially in industrializing nations o f Asia, where some countries have virtually no
regulations on mercury em issions (Pacyna et al. 2006). Considering hum an population
expansion, the global energy crisis, and increasing demand for fossil fuel com bustion,
m ercury is expected to continue increasing over the coming decades (Driscoll 2007). For
exam ple, projected increases in global tem peratures are likely to increase Hg em issions
through higher rates o f methylation, release from melted perm afrost, and m ore abundant
forest fires (Jacob and W inner 2009). Thus anthropogenic releases o f m ercury will likely
remain an im portant topic o f research and public debate into the future.

iii. M ercury research at The College o f William and M ary
M ercury research at The College o f W illiam and Mary began at the site o f historic
mercuric sulfate contam ination in the headwaters o f the Shenandoah River, w hich
occurred from 1929-1950 (Carter 1977). M ercury served as a catalyst in the production o f
polyester at a textile com pany at this mercury point-source. Three decades later, high
M eHg levels were found in sedim ent and fish just downstream o f the pollution source
(Carter 1977). High levels o f MeHg remain present throughout the aquatic and terrestrial
ecosystem in the South River w atershed more than h alf o f a century later (Cristol et al.
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2008). Belted Kingfishers (M egaceiyle alcyon). which consume a diet o ffish , have
elevated levels o f blood mercury at this site. More surprisingly, many terrestrial-based
songbirds, such as Tree Swallows (Tachycineta bicolor), Carolina W rens ( Thryothorus
ludovicianus). and House Wrens ( Troglodytes aedon), have elevated blood mercury
levels as well (Cristol et al. 2008). It is hypothesized that mercury biom agnifies in
spiders, which are com m on in these species’ diets, as many spider species consume
invertebrates that em erge from the contaminated river and flood plain. The wild
songbirds inhabiting m ercury-contam inated areas o f V irginia exhibit reduced
reproductive success (Brasso and Cristol 2008), altered stress horm one profiles (W ada et
al. 2009), and disrupted im mune functioning (Hawley et al. 2009) com pared w ith the
same species in uncontam inated reference habitats.
U nderstanding sublethal effects o f m ercury w ill allow us to better determ ine
w hether there is an environm entally “safe” level o f mercury. However, finding an
environm ental threshold that can accurately be applied across species is challenging
considering the am ount o f variation o f m ercury exposure and sensitivity w ithin and
across species. The present study was designed to provide data that will begin to aid our
understanding o f w hether relatively low levels o f m ercury can affect flight and m olt in
songbirds, which are two im portant processes that relate to overall fitness.

iv. Effects o f m ercury on birds and other wildlife
Birds are useful bioindicators o f m ercury pollution (Evers et al. 2005) and research on
birds has played a role in forming environm ental policy (Driscoll et al. 2007). M ercury
levels in bird feathers and tissues have been m easured extensively (A ltm eyer et al. 1991;
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Burger and Gochfeld 1992, 1997; DesGranges et al. 1998; Thom pson et al. 1998;
Rim m er et al. 2005; Burger and Eichhorst 2007), but relatively little research has
attempted to assess the effects o f m ercury on the health and fitness o f birds. The limited
num ber o f studies that have m easured sublethal effects o f m ercury in birds have mainly
involved aquatic species; research on terrestrially foraging birds lags far behind
(Seewagen 2010).
M ethylmecury is most recognized for its neurotoxic effects that have been
dem onstrated across many taxa. It is known to cause disturbances in myriad neurological
endpoints such as neurom uscular function, m otor control, m em ory, and cognitive ability
(Cai 2011). It is a particularly powerful neurotoxin because it can cross the blood brain
barrier and enter cerebrospinal fluid (W olfe et al. 1998).
Many studies have dem onstrated that mercury affects a wide array o f behaviors
that involve neurom uscular functioning, w hich is critical for flight. Reduced
coordination, locomotor speed, and changes in responsiveness to stim uli have all been
docum ented in birds and other taxa. For exam ple, slower reaction tim e to stim ulation,
decreased balance, difficulty flying, and severe ataxia were docum ented in a captivedosing study on Great Egrets (.Ardea alba) fed 5 parts per m illion (ppm) M eHg (Spalding
2000b). Similar disturbances in locom otion were seen in M allards (Anaspiatyrhynchos)
fed 10 ppm M eHg (H offm an & H einz 1998). Red-tailed Hawks (Buteo jam aicensis)
dosed with M eHg had w eakened muscles and showed erratic locom otor behavior
(Fimreite and Karstad 1971). A lack o f locom otor coordination and changes in sensory
response has been positively correlated w ith mercury exposure in birds (Finley et al.
1979; Laties and Evans 1980; Bouten et al. 1999), fish (A lvarez et al. 2006; Jakka et al.
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2007). and amphibians (Burke et al. 2010). Generally, the effects observed across taxa
involve decreased locomotion perform ance and exaggerated reaction to stimuli.
Considering the com prehensive effects o f m ercury on locom otion and response behavior,
it is reasonable to assume that birds consum ing m ercury may suffer deficiencies in escape
take-flight performance.
The m echanism s underlying the neurom uscular changes discussed above have not
been fully elucidated. It is likely, however, that oxidative stress plays a role (M anfroi et
al. 2004; Aschner et al. 2007; Glaser et al. 2010). Oxidative stress occurs when a
biological system cannot detoxify reactive interm ediates within the cell or repair the
dam age that the im balance o f reactive species causes. Glaser et al. (2010) found that
mercury disrupts creatine kinase activity, w hich leads to oxidation o f thiol content in the
m itochondria and subsequent oxidative stress. Creatine kinase is an essential enzym e for
cellular energy hom eostasis and is required by tissues that consum e energy rapidly, such
as cardiac and m uscular tissues (Glaser et al. 2010). Even low levels o f aquatic M eHg
can inhibit m itochondrial production o f ATP and reduce m olecular respiration (Cam brier
et al. 2009). And in Com m on Loons (Gavia immer) exposed to environm ental mercury,
this effect is thought to reduce deep-diving ability, w hich is critical for foraging (Olsen
2000). This effect o f m ercury on bioenergetics could cause the deficiencies in
neurom uscular function and locom otion that have been observed across taxa.
In addition to m ercury's neurotoxic and bioenergetic effects, it also causes
behavioral changes in birds living in contaminated regions or experim entally dosed with
m ercury, ranging from altered parent/offspring interactions to changes in reproductive
and self-m aintenance behaviors. For exam ple M allards (Anasplatyrhynchos) dosed with
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0.5 ppm MeHg laid more eggs outside the nest box and the young o f these birds did not
react to threatening stimuli or respond to their m other's calls appropriately (Heinz 1979).
Also, environm entally-exposed adult Comm on Loons (Gavia immer) had a lower
frequency o f feather preening and carrying offspring on their backs (N ocera and Taylor
1998). In another study o f free-living loons, attentive nest behavior and foraging were
less frequent in birds that had more than 3.0 ppm wet w eight M eHg in their blood (Evers
et al. 2008). Courtship and m ating behavior has also been studied in relation to mercury.
An increase in same-sex pairing and reduced courtship behavior was reported in male
White Ibises (Eitdocimus albus) dosed w ith 0.05 ppm —0.3 ppm wet weight M eHg
(Frederick & Jayasena 2011).
Several interrelated m echanism s likely underlie m ercury’s effect on behavior. For
example, oxidative stress and reduced bioenergetics (discussed previously) could cause
general lethargy, which would affect an array o f behavioral endpoints. A nother possible
explanation for behavioral changes is that m ercury causes reduced GABA ergic and
glutamatergic neurotransm ission, both o f which are critical neurological pathw ays
involved in vertebrate behavior. Receptors in these pathw ays have decreased neurological
activity in the brains o f free-living Bald Eagles (Haliaeetus leucocephalus) exposed to
dietary m ercury (N am -D ong Ha et al. 2012).

v. Rationale for Studying the Effects o f M ercury on Flight
M ercury is a w idespread and persistent environm ental contam inant that occurs in aquatic
and terrestrial habitats. Songbirds that forage from prim arily terrestrial sources have
recently been dem onstrated to bioaccum ulate mercury. There are many indications that
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mercury negatively affects neurological functioning, bioenergetics, and behavior in a
wide array o f avian taxa and through a variety o f mechanisms. This suggests the potential
for an effect on flight perform ance, since flight perform ance requires efficient
neurological, energetic, and behavioral functioning. M ercury could also affect m any o f
the physiological m echanism s o f flight, such as the functionality o f feathers and wings.
For example, molt (the process by w hich feathers are replaced annually) affects flight by
reducing overall wing area (Swaddle and W itter 1997). In addition, the rate o f molt
affects feather quality (Dawson et al. 2000), w hich can influence flight perform ance in
European Starlings (Sturnus vulgaris) (Swaddle et al. 1996). Hence, in this study I have
investigated the influence o f m ercury on m easures o f flight perform ance and also molt.
Flight is perhaps the m ost critical behavior in a songbird’s life and thus any mercuryinduced alterations in flight perform ance or molt, even if they are slight, may reduce
fitness.

Section II: Flight

/. Flight perform ance
In an ecological context, the term “perform ance” is defined as the proficiency by which
an organism executes a behavior (Burke et al. 2010). For birds, flight is arguably the most
im portant behavior to perform well because it relates to virtually all other activities in a
bird’s life. For exam ple, decreased flight perform ance could influence individual fitness
through reduced proficiency at escaping predators (Lima 1993; W itter et al. 1994),
provisioning offspring, m igrating seasonally, or com peting for food. Exposure to toxins

can promote expression or suppression o f certain behaviors and alter perform ance (Henry
and Atchison 1991), so it is im portant to understand w hether a com m on pollutant such as
m ercury impairs this behavior.
Flight behavior differs depending on the m otivation o f the bird as well as the
ecology and evolutionary history o f a species (Van den Hout et al. 2010). There are
various m odes o f flight such as take-off flight, forward flapping flight, flap-bounding,
flap-gliding, and soaring (Gill 2007). M any birds em ploy a com bination o f flight m odes
depending on their evolutionary history and behavioral or ecological context. Escape
take-off and m aneuverability during forward flapping flight are im portant flight
behaviors for European Starlings (here after referred to as “starlings”). Starlings are
insectivorous ground foragers (Feare 1984), so escape take-off flight is critical for
evading terrestrial predators and some am bushing raptors. M aneuverability during
forward flapping flight is also an im portant flight tactic (Gillies et al. 2011) and is
com m only em ployed by flocks o f starlings to evade aerial predators. The present study
exam ines the effects o f sublethal levels o f m ercury on take-off flight and m aneuverability
because o f their relevance to predator escape in starlings, w hich are a model organism for
flight perform ance (Rayner 1985; Fryday et al. 1995; Swaddle et al. 1999; T o b alsk e and
Dial 2000; Dial 2008). Escape take-off and m aneuverability are especially im portant to
study in the context o f m ercury because they require a large am ount o f energy, efficient
sensory conduction, and appropriate neurom uscular coordination— all o f which are
known to be affected by mercury.
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//. Flight energetics
Flight is arguably the m ost energetically expensive activity that a bird engages in, and
different modes and speeds o f flight require different am ounts o f energy (Gill 2007). The
present study m easures take-off flight, which requires a relatively large am ount o f energy
(M arden 1994) and m aneuverability, w hich requires efficient neurom uscular function to
achieve dexterity (D udley 2002).
Theoretical m odeling based on kinem atics and m orphological data has am ounted
to the fixed-wing aerodynam ic theory, which posits a “U” shaped pow er curve for level
flapping flight (Pennycuick 1968, 1997). This means that birds use the m ost pow er at the
lowest and highest speeds and best conserve energy at interm ediate speed— the speed at
w hich they fly during sustained flight. Sustained flight during long-distance travel is
necessary for m igratory birds and is maintained by aerobic m etabolism o f fuel substrates.
In the present study, m aneuverability during forward flapping flight was m easured while
the birds were flying at low speeds, and thus using a relatively large am ount o f energy.
T ake-off requires that a bird generates enough airflow across the wing to create lift from
a standstill, thus it is also energetically expensive. Unlike sustained flight, which is
largely aerobic, birds engaged in take-off are in a state o f anaerobic m etabolism and thus
theoretically use the m axim um am ount o f energy possible (M arden 1994). Anaerobic
respiration results in excess build-up o f lactic acid, m etabolic acidosis, and oxidative
stress (Burns et al. 2010), so birds m ust recover after an escape flight (Bishop and Butler
2000). Both the take-off perform ance and subsequent recovery could be affected by Hg
contamination.
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One o f the m ost com m only studied physiological variables o f flight is the rate o f
biological energy expenditure, w hich is also called “pow er input” (Pi). M echanical pow er
available for flight comes directly from the pectoralis and supracoracoideus flight
muscles. The pectoralis muscle is responsible for 95% o f the pow er used during flight
(Biewener et al. 1992). This pair o f m uscles undergoes sequential lengthening and
shortening contraction to pow er flight. The m uscle lengthens during the upstroke, which
creates a force. Then, energy is expended during the dow n stroke as the muscle shortens.
This change in muscle length (along w ith jum ping force from the legs) generates lift and
thrust to overcom e w ing inertia and initiate flight. A vailable chem ical energy com es from
catabolism (anaerobic or aerobic) o f m olecules that are transform ed by the m yofibrillar
proteins o f the flight m uscles into m echanical pow er output (P0) and heat (Butler &
Bishop 2000). Therefore, Pj is dependent on the efficiency o f P0 The unit used for pow er
is the watt (W), which is equal to 1 joule (J) per second.

Hi. T ake-o ff flig h t
T ake-off escape has becom e an active field o f research due to its im portance in
predator-prey interactions (Swaddle and Tockw ood 2003; W illiam s and Swaddle 2003;
Renner 2006). There are many different w ays to m easure take-off and it is often unclear
w hich is the m ost suitable for the question being posed (e.g. time to cover a particular
distance, velocity, m axim um acceleration, m echanical energy expended, pow er output,
etc.). W hen interested in m axim um perform ance ability, it may be useful to com pare peak
acceleration during take-off (R enner 2006). In Least Auklets (Aethia p u silla ) peak pow er
(W) and peak acceleration (m /s'1) occurred at about 0.4 seconds after take-off and this
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specific time period was the most repeatable (Renner 2006). This m easurem ent is useful
in assessing m axim um perform ance ability, however, in studies that attempt to assess
efficacy o f escaping an actual predation event, m axim um acceleration may not be the
m ost relevant metric. In an ecological setting, a m ultitude o f other factors are important.
For exam ple, w hen a bird is attacked it has to make rapid decisions about the angle and
speed o f take-off because there is a trade-off between linear acceleration and climb rate
(W itter and Cuthill 1993). Thus, a bird that decides to take-off at a steep angle from a
ground predator accelerates at a lower m axim um than it would at a shallower angle.
Swaddle et al. (1999) em ployed a metric that sum m arizes the trade-offs between height
gain and speed gain by calculating joules o f energy expended with height, mass, and
velocity as variables o f the equation. I em ployed this m etric in the present study because
its attention to the trade-offs between speed and angle m ake it more applicable to escape
take-off in ecological settings, where birds m ust decide w hat the most efficient escape
m ethod is depending on the predator.

iv. M aneuverability
M aneuverability is defined by the radial size o f a turn; the smaller the radius, the better
the turn (W arrick 2002). A nim al m aneuverability flight is achieved as accelerations and
directional changes, w hich require dexterity and precision in flight (Dudley 2002).
M aneuverability in the air is critical for m any predatory species as well as species that
need to avoid predation (H edenstrom and Rosen 2002). Dodging predators at the last
m om ent is a com m on predator escape strategy for birds, especially starlings (Lind et al.
2002). This tactic is com m on in passerine species because it requires relatively slow

12

speeds and low body mass com pared to predators, which are often heavier and flying at
faster speeds as they attack (H owland 1974). Quick turns and erratic flight by birds in
flocks is especially useful for open-country species such as starlings because this
behavior can confuse and startle predators (Caro et al. 2004).
M aneuverability is related to fitness because slight effects on coordination during
turning flight may increase the risk o f collision and make a bird more vulnerable to
predation (Hunt 1992). But m aneuverability is not well studied in birds (Gillies 2011) and
m any efforts to quantify m aneuverability have underlying m otivations related to
com parative phylogenetics and functional m orphology rather than perform ance (e.g.
H edenstrom and Rosen 2001; M atyjasiak et al. 2004; Dial et al. 2008; Jackson and Dial
2011). W hile m ethods applied in these types o f studies are useful in their own fields,
many o f them would not be able to m easure actual performance or detect fine differences
in perform ance that occur between individuals o f one species. A limited num ber o f
studies have aimed to m easure intraspecific m aneuverability perform ance by testing
obstacle avoidance or overall time to navigate through an obstacle course (Fryday et al.
1995; Swaddle and Lockwood 2003; M atyjasiak et al. 2004). I chose to exam ine speed
and angle o f m aneuverability because these are more precise m easurem ents o f turning
flight and starlings are know n to rely on quick turns while evading predators. To my
know ledge, this is the first study that aims to assess m aneuverability by measuring actual
speed and angle while birds perform a single turn around a barrier during forward
flapping flight.
It is im portant to point out the difference between agility and m aneuverability,
w hich were first defined by N orberg and Rayner (1987) in an extensive analysis.
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M aneuverability involves taking tight turns at the shortest possible radius and requires
low wing loading (low aspect ratio), whereas agility refers to the quickness of change in
speed and direction. Low aspect ratio, while beneficial to m aneuverability, can actually
impede agility, m eaning that efficient turning m aneuverability (minimum radius length)
requires flying at relatively slow speeds (Dudley et al. 2002). Recently, turning
m aneuverability was distinguished from linear m aneuverability (W arrick 1998). 'burning
m aneuverability involves changing the direction o f velocity; and linear maneuverability
involves the m agnitude o f change in velocity (acceleration). In the present study, I
m easure overall angle and velocity, w hich generally reflect both turning (angle) and
linear (velocity) m aneuverability. These variables are not precise enough to reflect actual
turning or linear m aneuverability perform ance according to the above definitions, but
may reflect likelihood o f survival in situations that require m aking a turn during forward
flapping flight.

v. Why m ercury m ay affect flight perform ance
Because m ercury has been dem onstrated to affect several aspects o f neurophysiology and
health (Boening. 2000; Scheulham m er et al. 2007; Seewagen, 2010), it has the potential
to im pact a com plex and dem anding task such as flight. Some flight m echanism s that
could likely be disrupted include efficient m uscular energetics and m otor sensory nerve
conduction, proper feather quality, and appropriate predator response behavior— all o f
which are essential for proficient flight (M etcalfe and Ure 1995; Swaddle et al. 1996;
Lockwood et al. 1998; Swaddle et al. 1999; Stevenson 2000; Tobalske and Dial 2000;
Tobalske et al. 2005). D ecreased bioenergetic capability in relation to elevated mercury
could also affect flight perform ance by causing inefficient m uscular output or inability to
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maintain energy-expensive activities for long durations o f time (Cam brier et al. 2009;
Glaser 2010). Disruptions o f any o f these non-m utually-exclusive m echanism s may affect
distinctive param eters o f flight performance.

Section III: Molt

/. Bioenergetics o f molt
M olt is closely related to flight and has been shown to affect take-off flight in starlings
specifically. Swaddle and W itter (1997) found that natural and simulated molt reduces
take-off and causes changes in anti-predator tactics. Subsequently, Swaddle et al. (1999)
dem onstrated that energy exerted during the second wing beat was responsible for slower
escape take-off in starlings in a state o f simulated molt. M olt creates gaps in the flight
feathers as feathers are lost and regrown, so it may be hypothesized that the observed
reductions in flight perform ance were a result o f decreased wing area. Because molt is so
closely tied to flight perform ance, it was im portant to monitor this process during the
present study. In the following subsections I will discuss the m echanism s o f molt and
propose hypotheses concerning why m ercury may cause changes in molt, feather quality,
and thus— flight perform ance.
Like flight, m olt has intense energy requirements. During molt, at least 25% o f a
bird’s dry mass is lost and regenerated as feathers (M urphy and King 1992). Birds require
more oxygen and increase their basal m etabolic rate (BM R) by up to 46% (W alsberg
1983) during this period. The costs o f m olt include the biosynthetic costs o f producing
new feathers, heat loss due to inadequate insulation, energy intake to supply sulfur-
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containing amino acids necessary for feather synthesis, and reduced flight performance
(W alsberg 1983; Swaddle and W itter 1997).

ii. Circannual rhythms and molt
M olt is closely tied to circannual rhythms. For example, manipulations o f the photoperiod
can speed up or slow down the onset o f molt in birds within controlled settings (Gwinner
1981, 1991). To date, it is not entirely clear what neurological control systems regulate
circannual cycles in birds, but there is evidence that the visceral forebrain system (VFS)
is intim ately involved (Kuenzel 2000). The VFS may orchestrate circannual rhythms
through fluctuations in sym pathetic versus peripheral nervous system dominance during
different periods in the annual cycle. For example, from the beginning o f spring
m igration to the beginning o f pre-alternate (spring) molt, the sympathetic nervous system
(SNS) dominates. The SNS is responsible for loss o f body mass and lipid reserves, which
are necessary during migration. W hen birds begin to molt in the spring, there is a shift
from SNS dom inance to peripheral nervous system (PNS) dominance. The PNS is
responsible for provoking a photorefractory state, which means birds are no longer
responsive to photoperiodic changes (Kuenzel 2000). W hen this change occurs, birds no
longer display m igratory behavior, but instead begin physiological changes that are
conducive to reproduction and parental care (Kuenzel and Helms 1974). Thus, the timing
o f m olt is closely tied with nervous system changes that regulate other m ajor circannual
life history events such as m igration and reproduction.
The precise biological m echanism s behind molt are somewhat unclear, but it is
recognized that hormonal fluctuations play a major role. For example, thyroid hormones
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are elevated in blood plasm a during molt (Brake et a l l 979; Lien and Siopes 1989) and
injecting thyroid horm ones can induce molt in captive birds (Verheyen et al. 1983;
Sekim oto et al. 1987). In starlings specifically, testosterone suppresses onset o f molt and
also decreases the rate o f molt (Shleussner et al. 1985). Large am ounts o f thyroid
horm one have anti-gonadal effects, so when thyroid hormone is high, birds cease
reproductive activity and begin pre-basic m olt in the fall. Decreased estrogen is also
linked w ith molt (M cNabb 2000), and a high thyroid horm one/estrogen ratio may be
im portant in form ing new feathers (reviewed in, Decuypere and Verheyen 1986).

Hi. Why and how m ercury may affect moll
It is well know n that m ercury accumulates in feathers, especially during molt
(Sw iergosz 1998; Thom pson et al. 1998; Condon and Cristol 2009). This occurs because
m ercury binds to sulfhydryl groups (Crespo-Lopez et al 2009), so disulfide-rich keratin
proteins in growing feathers m ake them a prim e pathway for m ercury excretion (Eisler
2006). Since m ercury is deposited directly into the feathers, the structural architecture
and integrity o f the feathers could be affected . W eak feather structure (for exam ple
sm aller diam eter in feather rachis or larger spaces between barbules) can cause increased
feather abrasion and decreased resistance to external parasites (Vagasi 2011).
D isruption o f the production o f corticosteroids, estradiol, and testosterone have
been linked to m ercury exposure (H ontela et a l l 992; Giesy 2003; Heath & Frederick
2005; Frederick & Jayasena 2011). W ada et al. (2009) found a negative relationship
betw een blood m ercury and thyroid horm one in free-living Tree Swallows (7achy cine t a
bicolor), a passerine bird. The interaction between thyroid horm ones and sex-steroids can
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affect hormonal regulation o f molt (Hahn 1992). hence changes in any o f these horm ones
could lead to changes in the timing and pattern o f molt. Like flight, molt is also
energetically expensive (M urphy and King 1992) so any disruption in bioenergetics
caused by m ercury may also affect molt.
In the present study, I predicted an increased rate o f molt. Evidence shows that
birds under physiological stress or with less access to reliable food sources molt at a
faster rate. For exam ple, birds that live in habitats with plentiful food sources year round
have more prolonged molt than birds inhabiting areas where food is only available for
short periods o f time or where there is large variation in climate (Hahn 1992). Thus, any
perceived decreases in energy intake caused by m ercury may cause increased molt rate.
The known effect o f m ercury on testosterone also suggests that dosed birds may molt
more rapidly. As discussed, mercury is known to cause decreases in testosterone and
lowered testosterone levels cause earlier and faster molt.

Section IV: Experim ental Approach

/. M odel organism
Starlings are a com m on species (Order: Passeriform es; Family: Sturnidae) species that
occurs in large num bers on almost all continents (Feare 1999). Starlings are thought to be
native to m ost o f tem perate Europe and parts o f Eastern Asia. They are resident (nonm igratory) in their native lands yet partially migratory in areas where they have been
introduced, which include Australia. North and South America, Africa, and N ew Zealand.
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Starlings are highly social, migrating in flocks as big as tens o f thousands. They
fly well, com monly at speeds around to 18 m s ’1 (Feare 1999) and are know n for their
accuracy and dexterity as they evade aerial predators in large flocks or “m urm urations”.
Their flying behavior involves com plex social coordination and locom otor acuity (Lima
1994).
Starlings have been used in detailed studies of the functioning of flight
m usculature and the m echanics of flight (Goslow et al. 1987; Jenkins et al. 1988;
Biewener et al. 1992; Swaddle & Biewener 2000; Dial et al. 2008). They have a Pj o f
about 9W during sustained flap-gliding flight, which allows them to m aintain the optimal
wing-beat frequency for energy efficiency (Rayner 1985).

ii. Research questions
The purpose o f my study was to determine w hether environm entally relevant
levels o f chronic dietary m ercury are deleterious to flight perform ance and/or molt. I was
interested in three m ajor questions regarding sub-lethal m ercury exposure: (1) Does
m ercury affect molt patterns? (2) Does mercury affect flight perform ance (take-off and
m aneuverability)? (3) Is there an interaction between m olt and other effects o f mercury
on flight?
To answer these questions I m easured w ithin-individual changes in flight
perform ance and differences in m olt in captive starlings that were dosed w ith chronic,
sub-lethal levels o f m ercury over the course o f one year. I m easured flight perform ance in
two assays that tested the following variables: (1) Take-off angle and speed combined
into a m etric o f energy gained during flight in response to a predator stim ulus (Swaddle
et al. 1999); and (2) velocity and angle while m aneuvering around an obstacle in the
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flight path to escape a predator stimulus. In addition. I performed an assessm ent o f molt
tim ing and pattern (Ginn and M elville 1983) and compared metrics o f molt between the
m ercury exposure treatm ent groups.
Flight is a com plicated and energetically dem anding adaptation in birds, and
involves virtually every physiological system in some way. Considering the array o f
negative health effects o f MeHg in birds, I hypothesized that disruptions o f several
physiological, neurological, and behavioral m echanism s o f flight would lead to reduced
energy expenditure during take-off and reduced velocity during m aneuverability in
m ercury-dosed birds. I also hypothesized that disruptions o f normal horm onal fluxes
would increase molt rate between the groups and subsequently would make any
differences in flight perform ance between the groups more pronounced.

777.

Significance o f research questions

It is necessary to experimentally test MeFfg effects at the organismal level to assess
w hether m ercury posses a risk to passerine survival and population sustainability. W hile
reduced reproductive success is com m only associated w ith m ercury toxicity, the
m echanism s o f such change are unknown. I hypothesized that the m any effects o f
m ercury on neurological functioning, behavior, and the endocrine system w ould lead to
decreased flight perform ance and increased molt rate. Small deficiencies in flight are
difficult to measure w ithout a controlled environm ent and, as far as 1 know, there have
not been any studies o f flight perform ance in birds dosed with mercury.
Flight is a suitable m easure o f fitness because virtually all activities in a passerine
b ird 's life involve flying: foraging, m ating behavior, parental care, predator escape, and
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migration are some examples. M igration is one o f the most im portant com ponents o f
passerine survival and is rem arkably understudied in relation to mercury (Seewagen
2010). In fact, 85% o f adult mortality o f passerine birds may occur during migration
(Sillet and Holmes 2002). Deficiencies in fig h t perform ance may or may not apply
directly to migratory efficiency, but my data could prom pt further research and provide
some insight. Overall, decreased flight ability will likely directly affect survival
probabilities in a small bird such as a starling.
Flight and migration efficiency in passerines is one area that is recognized as a gap in
ornithological research (Seewagen 2010). M ercury is a ubiquitous pollutant with know n
deleterious effects on birds. Thus, it is very important to determ ine w hether m ercury
affects flight performance. W ith enough data on passerine receptors o f environm entally
relevant levels o f mercury, we can help predict w hat level o f environm ental m ercury
exposure causes harm and thus the degree to w hich em issions reduction is necessary to
safeguard songbirds.

M ETH ODS

Section I: Anim al H ousing and Dosing
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I performed this study on hatch-year (HY) starlings captured from the wild during MayJuly 2010. The birds were housed in groups o f 8-10 in large outdoor cages
(2.5W x2.5Hx3.5L m) and given food (Bartlett poultry starter crumbs) and fresh w ater ad
libitum. Cages were consistent in shape, volume, and perches (A shler 2009). I rotated
groups through the cages and reshuffled the birds w ithin their treatm ent groups every six
weeks to control for differences in social environment.
Birds were dosed (n = 20 in each treatm ent group) with m ethylm ercury-cysteine
(M eHgCys) through consistent dietary intake at 0.0 parts per m illion (ppm), 1.5 ppm, or
3.0 ppm wet weight (equivalent to 0.00 ppm, 1.83 ppm or 3.66 ppm dry weight)
beginning in M arch 2011. W ithin six weeks on this treatment, three of 20 birds in the
highest dosed group died. The determ ined cause o f death was kidney failure, w hich was
based on glom erular filtration rate (GFR) tests. The treatm ents were thus reduced to 0.75
ppm and 1.5 ppm (wet weight, equivalent to 0.92 ppm and 1.83 ppm dry weight)
respectively since the purpose o f the study was to measure sublethal effects o f m ercury
exposure. There was no further mortality or obvious detrim ental effects on general health
due to mercury in either group throughout the study. Post-dosage flight tests had not yet
com menced when I adjusted the doses; so all results presented here are from birds that
were on the second dietary regime.
All blood and food m easurem ents were perform ed using a M ilestone D irect
M ercury Analyzer (DM A-80). Blood samples were collected every m onth in capillary
tubes by puncturing the brachial vein w ith a 34-gage needle. Capillary tubes were placed
in labeled vacutainers and kept in a freezer until analysis in the DMA. Betw een 90% and
100% o f mercury in avian blood and feathers is M eHg (Rim m er et al. 2005; W ada et al.
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2009). so it is safe to assume that the measured Hg levels are closely correlated with
MeHg levels.

Section II: T ake-off Flight

I m easured escape take-off in a large outdoor aviary (3W x2.5Hx9L m) by placing birds
on a perch 10 cm from the ground and sounding a whistle as the bird was released to
represent an auditory predator stim ulus (Fig. 1). I filmed flight at a perpendicular angle as
the birds flew away from the perch across a grid (Swaddle et al. 1999). C riteria for a
successful trial required birds to fly directly away from the predator stim ulus for at least 6
m with no detectable fluctuation in z-axis m ovement. In cases where these criteria were
not met in the initial release, the birds were given two additional attem pts to meet criteria
with a 5-min break in a small cage between releases. One flight was m easured per bird
per session because previous studies have dem onstrated that take-off perform ance is
highly repeatable within individuals (V easey et al. 1998; Criscuolo et al. 2011) and that
successive releases cause fatigue, w hich results in increasingly lower perform ance
(Renner 2005).
I assessed three param eters o f take-off flight in this test: (1) Joules o f energy exerted
per unit mass over the first 10 frames o f take-off; (2 ) angle o f take-off (in degrees); and
(3) w hether the bird flew past the 6 m mark before touching the ground or sides o f the
aviary. To obtain a m easure o f Joules exerted by each bird during escape take-off, I
em ployed an equation for instantaneous m echanical energy ( E q .l; J.P. Swaddle, E.V.
W illiams, and J.M .V. Rayner 1999) where Vx and Vy are the horizontal and vertical
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com ponents o f flight speed, g is acceleration due to gravity, and z is height. I then divided
change in instantaneous energy by mass (kg) to obtain a m easure o f Joules per unit mass.

(1)

E = '/ 2[V 2s+V \.]+gz

As subtle changes in wing loading, asymmetry, wingtip shape, and body mass affect
take-off bight (Swaddle 1997; Swaddle and Lockwood 2003; A lerstam et al. 2007), I
attempted to minim ize variation in these metrics by (a) using each individual as its own
control in a repeated-m easures design; (b) explicitly including body mass in the
calculation o f instantaneous energy; and (c) exam ining w hether an index o f feather wear
related to energy exerted during takeoff. I classified feather w ear based on criteria from
the M onitoring Avian Productivity and Survivorship (M APS) program in session 1 and
found that feather w ear score was not related to Joules o f energy exerted during take-off
(.Linear Regression, Fj ja = 0.0860, P= 0.756) or angle o f tak e-o ff (Linear Regression,
F / . 5 6 = 0 .1 7 1 , P= 0.680). Thus, I ignored differences in individual feather wear score in
further analyses.
I performed the take-off test on five separate occasions (sum m arized in Table 1). The
overall purpose o f the repeated testing was to address w hether individual changes in take
o ff flight over time varied across treatm ent groups. I was interested in assessing flight
changes during two differing periods o f a b ird ’s annual cycle: (1) The non-m olting period
(October-M ay) and; (2) the m olt period (M ay-Septem ber). To assess w hether m ercury
had an effect on escape take-off during non-m olting m onths I com pared changes in
individual flight perform ance across treatm ent groups using data from sessions 1 (pre
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dosing as an individual ‘control’ m easurem ent), 4 (approxim ately 12 w eeks after m olt),
and 5 (approxim ately 20 weeks after molt). To answ er the question o f w hether m ercury
affected flight perform ance during m olt I com pared changes in individual perform ance
across treatm ent groups using data obtained from Sessions 1, 2 (beginning o f molt), and 3
(mid-molt).

Table 1: Description o f take-off recording sessions in relation to m ercury dosing (weeks
exposed to mercury) and molt status (stage o f molt).
Session

Date

W eeks on Hg

Molt Status

1: Pre-dosing

Mar 2011

0

Non-m olting

2: Start of molt

May 201 1

-7

Beginning o f molt

3: Mid-molt

July 2011

-14

Mid-molt

4: After molt

Dec 2011

-34

Non-m olting ( - 1 2
weeks after molt)

5: A fter molt

Feb 2012

-42

Non-m olting ( - 2 0
weeks after molt)

9m

6m point
Landing
Perches

Take-off perch
Camera

Figure 1: 3-D view o f take-off experim ental arena. Birds were released by hand from the
take-off perch and filmed at a perpendicular angle as they flew past the 6 m point o f
safety to the landing perches.
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Section III: M aneuverability

To measure m aneuverability, I filmed birds from below as they turned around a semitranslucent screen that formed an obstacle across the width o f an arena (Fig. 2). Two
additional screens formed a 135° angle around the center barrier to help guide the birds
around the obstacle. Birds were released by hand from a perch and filmed from below
against a grid on the ceiling to allow m easurem ent o f location. The 135° angle and the
opening between the barrier and the wall (50cm) were selected based on a pilot study
with birds that were not used in this study.
It was necessary for the birds to learn to fly around the center barrier successfully;
hence, before each session I exposed them to the m aneuverability set-up in groups o f
three and forced them to fly around the screen four tim es each. I then gave the birds a 10min recovery period before they were tested. Successful flight criteria required that the
birds flew directly around the barrier to the perches on the other side o f the aviary and
that they flew at a height o f at least 3.2 m (i.e. close to the grid on the ceiling and far from
the cam era below so that I could record the birds’ location in each frame o f video with
sufficient precision). Each bird was given up to three attem pts to accom plish one
successful m aneuverability flight per session (described below) and was always given a
5-min recovery period between attempts.
I m easured three param eters o f flight perform ance in m aneuverability tests: (1)
Total velocity (m s’1) while navigating around the barrier; (2) angle (in degrees) while
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navigating around the barrier, and (3) distance (cm) from the barrier as the bird turned the
corner (Fig. 2).
I performed the m aneuverability test on two separate occasions. Session A was
before dosing and before molt had begun and session B was after the birds had been
dosed with Hg for -3 8 weeks and com pleted molt (Table 2). As with the take-off test, the
pre-dosing session (session A) occurred in M arch ju st before the birds were dosed,
how ever the single post-dosing session (session B) occurred -3 8 w eeks after the birds
had been on m ercury and after they had fully com pleted molt. This session took place
between sessions 4 and 5 o f the take-off experiment. The purpose o f the m aneuverability
flight tests was to evaluate w hether aspects o f turning flight changed w ithin individuals
according to m ercury treatm ent group; due to limited time I did not assess whether this
form o f flight also changed w ith stage o f molt, as I did for the tak e-o ff test.

Table 2: Description o f m aneuverability recording sessions in relation to m ercury dosing
(weeks exposed to m ercury) and m olt status (stage o f molt).
Session

Date

W eeks on Hg

Molt Status

A: Pre-dosing

March 2011

Ow

N on-m olting

B: After dosing

January 2012

- 3 8 weeks

N on-m olting
(~16 weeks after molt)
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3ole

9m

Figure 2: 2-D plan view o f the m aneuverability experim ental arena. Birds were released
by hand from the tak e-o ff perch and filmed from below as they navigated around the
center screen against a grid suspended from the ceiling (not pictured) to landing perches
on the other side o f the aviary. Distance was m easured from the first frame the bill
crossed the grid to the first frame the bill exited the grid.

Section IV: M olt A ssessm ent

I used the Ginn and M elville (1983) m ethod to quantify m olt score. This m ethod involves
assigning each o f the nine prim ary feathers on the right w ing a score from 1-5 depending
on the stage o f molt. For exam ple, a score o f 0 is assigned to feathers that have not been
dropped while a score o f 5 indicates that a new feather has fully regrown. Once each
feather is assigned a num ber from 0-5, the num bers are sum m ed to obtain a total molt
score per wing ranging from 0-45. I took eight m easurem ents at weekly intervals
throughout the progress o f m olt (-100 days).

Section V: Video A nalyses
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I used a Sony H andycam wide-angle H DR-CX 350 cam era (30 frames per second at 7.1
m ega pixels) to record all flight trials. I analyzed video using the public domain software
program ImageJ version 1.440 (W ritten by W ayne Rasband at the U.S. National Institutes
o f Health) to digitize flight trajectories on a M acintosh OS X 10.6.8. All videos were
digitized and analyzed blind to treatm ent groups.

Section VI: Statistical Analyses

In each o f the following subsections I describe the structure o f my statistical analyses and
how they relate to my research questions. All statistical analyses were perform ed in IMB
SPSS 19 (SPSS Inc. 2010) em ploying tw o-tailed tests o f probability. D ata are reported as
m eans ± 1 standard error unless otherw ise noted.

i. D oes w ithin-individual change in ta k e-o ff perform ance vary by m ercury treatment
group during the non-m olting p erio d (ta ke-o ff sessions 1, 4, and 5)?
To test w hether m ercury had an effect on escape take-off during the non-m olting period I
analyzed w ithin-individual changes in tak e-o ff m etrics across treatm ent groups using data
from sessions 1 (pre-dosing), 4 ( 1 2 w eeks after m olt), and 5 (20 w eeks after molt) using
repeated m easures tw o-w ay A N O V A tests. Treatm ent (0.0, 0.75, or 1.5ppm M eHgCys)
was the am ong-subjects independent variable and tim e (i.e. recording session) was the
w ithin-subjects independent variable. I further exam ined the effects o f m ercury on take
o ff by com paring am ong-group variation in the individual changes in flight metrics
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between particular recording sessions. Specifically. I analyzed change in energy from
session 1 to session 4 (i.e. the change from before dosing to after 12 weeks after molt
while dosed) and session 1 to session 5 (i.e. the w ithin-individual change from before
dosing to 20 weeks after m olt while dosed) using two separate one-way ANOVA tests.
For the one-w ay A N O V A tests, the independent variable was treatm ent group and the
dependent variable was difference in energy exerted by individuals. I used the same
structure o f analysis to exam ine w ithin-individual changes in take-off angle over the
same periods. The addition o f these one-w ay A NO V A tests allowed me to increase the
sample size for these research questions since the larger repeated-m easures analysis
included only individuals that successfully com pleted all three sessions. Birds that failed
either session 4 or 5 were thus excluded from the repeated m easures test, but could be
included in one o f the two one-way A NO V A tests. W here I saw notable differences in
change in flight metrics am ong the groups, I further exam ined the relationships between
individual blood m ercury m easurem ents and change in take-off flight metrics by
em ploying linear regression analyses.

ii. Does w ithin-individual change in ta k e-o ff perform ance vary by m ercury treatment
group during molt (sessions 1, 2 and 3)?
To exam ine the w ithin-individual changes in take-off associated with molt I performed a
repeated m easures tw o-w ay A N O V A using data from session 1 (before m olt and before
dosing), session 2 (beginning o f molt), and session 3 (mid-molt). As described above, I
also used two separate one-w ay A NO V A tests to com pare differences in within-

30

individual change in take-off (light metrics among mercury treatm ents during particular
recording sessions. I analyzed change from session 1 to session 2 to examine the effects
o f early molt; and change from session 1 to session 3 to examine the influence o f mercury
on flight during mid-molt. I did not exam ine the relationships between individual blood
m ercury m easurem ents and change in take-off flight metrics (as I did for the non-molt
take-off sessions described above) because there were no indications o f differences
am ong the groups during molt sessions.

iii. D o within-individual changes in m aneuverability vary by m ercury treatment group
(sessions A and B) ?
To test w hether w ithin-individual changes in m aneuverability varied by mercury
treatm ent, I perform ed a tw o-w ay repeated measures ANOVA test using data from
session 1 (pre-dosing) and session 2 (-3 2 weeks post-dosing and -1 6 weeks after all
birds had com pleted molt). Unlike for the take-off test, there was no need to measure
m ean individual change am ong the groups for isolated sessions because two sessions only
were included in the repeated m easures analysis. I did not exam ine the relationships
between individual blood m ercury m easurem ents and change in m aneuverability flight
m etrics because there were no indications o f differences among the groups.

iv. D oes m ercury treatm ent affect the rate o f molt?
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There were lim itations in using the com plete data set (i.e. molt scores from the entire
course o f molt) in my analyses because all birds com plete molt with a final score o f 45
hence, by definition o f the metric, all individuals converge on the same molt score in later
molt stages which wall potentially mask am ong-treatm ent differences at other stages o f
molt. Thus, I used m olt scores taken only during the m ost intensive period o f molt, which
occurred from June 2011-A ugust 2011. I took molt scores on eight separate occasions
during this time period (about every 10 days). During this period, all birds were
experiencing a steep rate o f molt and had not yet plateaued at a molt score o f 45.
To exam ine how m ercury affects the rate o f molt, I analyzed within-individual
changes in molt scores using a repeated measures A NOVA test and further explored
differences am ong the groups with T ukey’s post-hoc tests. The within-subjects
independent variable was time (i.e. the eight occasions that molt scores were taken) and
the am ong-subjects independent variable was treatm ent group. I also employed linear
regression analyses to exam ine relationships between individual blood mercury levels
and molt scores.

RESULTS

Section I: B lood M ercury Levels Throughout the Experim ent

On the original m ercury doses (3.0 ppm and 1.5 ppm) the higher dosed group reached a
mean blood m ercury peak of 14.4 ppm ± 1.4 (95% Cl: 11.4 ppm - 17.4 ppm) and the
low er dosed group reached 7.9 ppm ± 0.5 (95% Cl: 6.8 ppm - 9.0 ppm). Shortly after the
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Hg doses were adjusted to 1.5 ppm and 0.75 ppm the birds began to molt and deposit Hg
into growing feathers (cf. Condon and Cristol 2009). During this period, the higher dosed
group had a mean blood Hg level of 2.4 ppm ± 0.3 (95% Cl: 3.2, 6 .6 ) and the lower
dosed group 1.3 ppm ± 0.1 (95% Cl: 1.3,1.4). Still on the reduced dose, after the molt
period, the higher dosed group had a mean of 9.8 ppm ± 2.8 (95% Cl: 8.2ppm 11.3ppm) blood mercury and the lower group 4.9 ppm ± 1.4 (95% Cl: 4.2 ppm - 5.7
ppm) (Fig. 3).
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Figure 3: M ean blood m ercury concentrations of birds in each treatm ent group
throughout the experim ent. D ashed lines show 95% confidence intervals.

Section II: T ake-off Flight Perform ance
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/. D oes w ithin-individual change in ta ke-o ff perform ance vary by m ercury treatment
group during the non-m olting p erio d (sessions 1, 4, and 5)?
D uring the non-m olting period, there were differences in how individuals altered energy
expenditure during take-off {FAM= 2.22, P= 0.076). Specifically, birds from the 1.5 ppm
treatm ent group started the study using more energy for take-off than control birds and
lower dosed birds, but unlike the other two groups they tended to exert less energy over
time (Fig. 4). Birds treated with 1.5 ppm M eHgCys exerted slightly less energy in session
4 than they did prior to dosing, while the birds in the other two treatm ent groups showed
a gain in energy expenditure over the same time period (F 14S= 2.62, P = 0.076 ; Fig. 5a).
The same pattern was statistically significant when I com pared the within-individual
change in energy between sessions 1 and 5 (/f,40= 3.80, P= 0.031; Fig. 5b). Birds on the
control dose exerted more energy during take-off on each successive session throughout
the experim ent, whereas birds dosed with the higher mercury treatm ent exhibited a
system atic decrease in energy expenditure. Birds in the lower dosed group exhibited a
lesser increase in energy exertion over time, rem aining about the same throughout the
study (Fig. 4).
I explored these differences further by regressing individual average blood
mercury during the post-m olt period and change in energy exerted between sessions 1
and 4 and sessions 1 and 5. There was no consistent relationship between blood mercury
and change in energy exerted between sessions 1 and 4 (y= -0.019x + 0.144, F ]4 = 6.517,
f= 0.029, P= 0.160 ; Fig. 6 a). There was a more pronounced negative relationship
between blood mercury and w ithin-individual change in energy exerted during take-off
when com paring session 1 with session 5 (y= -0.025.x + 0.249, F l40= 5.097, f - 0.631, P=
0.030; Fig. 6b).
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W ithin-individual change in angle of take-off (across sessions 1, 4, and 5) varied
among the mercury treatm ent groups {F4, = 4.76, P—0.002). The control group as well as
both mercury groups took off at a lower mean angle in sessions 4 compared to session 1
(Fig. 7a; note all three groups have a negative change in angle, indicating they flew at a
low er mean angle). However, the control birds had the most pronounced decrease in
angle followed by the 0.75 ppm group and finally the 1.5 ppm group, which only
decreased in angle slightly com pared with session 1. These differences in individual
mean change in angle were statistically significant (F1A= 10.506, P < 0.001 ; Fig. 7a).
However, the change in angle of take-off from session 1 to session 5 was not significant
( F ,40= 0.350, P= 0.707 ; Fig.7b). The control birds and the 0.75 ppm birds exhibited a
sim ilar change in angle as they did from session 1 to session 4, however the 1.5 ppm
birds flew at a low er mean angle in session 5 than they did in session 4, meaning all of
the groups have a sim ilar mean change in angle of take-off com pared with session 1.
I used a F isher’s exact test to analyze whether there was a difference in the
num ber of dosed birds com pared to control birds that successfully passed the 6 m mark in
each recording session. There were no differences among the groups during sessions 1, 4,
or 5 (P= 0.296, P= 0.312, P - 0.226, respectively).
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Figure 4: M ean (± SE) energy expended during take-off across treatm ent groups during
session 1 (pre-dosing), session 4 (34 weeks after dosing; 12 weeks after molt), and
session 5 (40 weeks after dosing; 20 weeks after molt) (F4^ = 2224, P= 0.076).
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Figure 5a: Mean (± SE) within-individual change in energy from session 1 (pre-dosing)
to session 4 (34 weeks after doing; 12 weeks after molt) across treatm ent groups (F24 =
2.62, P= 0.076
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Figure 6 a: Relationship between average individual blood mercury (during the post-m olt
period) and change in energy from session 1 (pre-dosing) to session 4 (34 weeks after
molt; 12 weeks after molt) (y= -0.019.x + 0.144, F l45= 6.517, r = 2.91, P= 0.160).
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Figure 6b: Relationship between average individual blood mercury (during the post-m olt
period) and w ithin-individual change in energy exerted during take-off from session
1(pre-dosing) to session 5 (40 weeks after dosing; 20 weeks after molt) (y= -0.025x +
0.249, F I40= 5.097, r = 0.631, P= 0.030).
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//. Does within-individual change in ta ke-o ff perform ance vary by m ercury treatment
group during molt (sessions /, 2 and 3)?
W hile birds were molting, there were no consistent differences am ong mercury
treatments in within-individual change in energy expended during take-off or angle of
take off (/%

1.08, P= 0.373 ; Fig. 8 ). Similarly, there were no consistent differences

between the mercury treatm ent groups when I exam ined within-individual changes in
energy exerted in take-off between sessions 1 and 2 (F24 = 0.099, P= 0.906 ; Fig.9a ) nor
sessions 1 and 3 (F, ,_= 0.484, P - 0.621 ; Fig.9b). Likewise, there were no differences in
changes of angle of take-off from session 1 to 2 or session 1 to 3 am ong the treatments
(F24I= 0.981, P= 0.553 ; F2M= 1.27, P= 0.272).
There were no differences between m ercury-dosed birds and controls in the
probability of passing the 6 m point during recording session 2 or session 3 (F isher’s
exact test: P= 0.368, P= 0.208, respectively).

1.3 1 .5 p p m MeHgCys
0 . 7 5 p p m MeHgCys
n=7

^

1.2

-

i.i

-

n=13

i '

n=12

— — O.Oppm MeHgCys

T3

0
1&Jj
&D
§

w

0.9 -

0.8 H

0.7 J
Session 1 (pre-dosing)

Session 2 (start of m olt)

40

Session 3 (m id-m olt)

Figure 8 : M ean (± SE) energy expended during take-off across treatm ent groups during
session 1 (pre-dosing and pre-molt), session 2 (7 w eek after dosing, start of molt), and
session 3 (14 weeks after dosing; mid molt) (F2J2= 1.08, P= 0.373).
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Figure 9a: Mean (± SE) w ithin-individual change in energy from session 1 (pre-dosing
and pre-molt) to session 2 (7 weeks after dosing; start of molt) across treatm ent groups
(F24 = 0.099, P= 0.906).
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to session 3 ( 1 2 weeks after dosing; m id-m olt) across treatm ent groups ( F ,34= 0.484, P=
0.621).

Section III: M aneuverability

i. Do within-individual changes in m aneuverability vary by m ercury treatment group
(sessions A and B)?
To exam ine w hether m ercury had an effect on flight m aneuverability, I com pared results
from m aneuverability session A (pre-dosing) w ith those from m aneuverability session B
(38 weeks after dosing, 16 weeks after molt). M ercury had no consistent effect on
velocity (m s-1) or angle o f turn while birds navigated through the m aneuverability course
(/%4I = 0.446, P = 0.644 ; F14] = 1.33, P = 0.277, respectively). There was some indication
that the change in distance from the bird to the barrier was different between groups after
they had been treated with mercury ( /y 4l = 2.43, P = 0.119). Birds treated w ith 1.5 and
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0.75 ppm M eHgCys tended to fly closer to the barrier after being treated, while control
birds tended to increase their distance from the barrier on the later tests (/fl4l = 2.43, P =
0.119; Fig. 10).
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Figure 10: Mean (± SE) w ithin-individual change in distance (cm) to the barrier from
m aneuverability session A (pre-dosing) to session B (38 weeks after dosing; 16 weeks
after molt) (F24] = 2.43, P = 0.119).

Section IV: M olt A ssessm ent

There was a tendency for birds from the highest m ercury treatm ent to proceed more
quickly through molt than the control group (F2u = 2.46, P = 0.096; T u key’s p o st test, P
= 0.09; Fig. 11). To explore these differences in more detail, I analyzed the relationship
between individual blood mercury at the onset of molt and average change in molt score
per scoring occasion (M ay - A ugust 2011) in individuals across the treatm ent groups (i.e
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a measure of the rate of molt). I found that blood mercury at the onset of molt was
positively related to rate of molt (3/= 0.035.x + 5.884, /% „= 10.133, r 2= 0.16, P= 0.003;
Fig. 12). Thus, birds with higher blood mercury molted more quickly. I also tested for a
correlation between individual blood m ercury at the onset of molt and average molt score
and found a significant positive relationship (y= 0.143x + 26.845, F2S = 6.143, r = 0.016,
P= 0.014; Fig. 13). This indicates that the birds likely began molting at an earlier onset in
addition to m olting at a faster rate.
During normal molt, birds replace their flight feathers from the inner-m ost
primary feather (P I) outward to the outer-m ost flight feather (P9 in starlings) (Pyle
1997). During molt assessm ent in my experim ent, I observed that three birds in the 1.5
ppm M eHgCys -group (n = 3 out of 16) and one bird in the 0.75 ppm M eH gC ys group (n
= 1 out of 18) exhibited abnormal sequence o f molt (Fig. 14). These birds dropped
feathers out of sequence and were sim ultaneously growing new feathers. For exam ple, in
one case, P4 and P7 were being regrow n but P5 and P 6 had not yet been dropped. These
four birds did not show the same molt aberration, but each had dropped feathers out of
order, which does not norm ally happen in European Starlings. All birds in the control
treatm ent (n = 19) showed normal sequential replacem ent of flight feathers. The rate of
occurrence of this unusual molt pattern was not statistically significant (F ish e r’s exact
test, P= 0.158). I did not note whether the disruption in molt sequence was asym m etrical
or sym m etrical in these birds (i.e. w hether the same disruption occurred on ju st the right
wing or the left wing also). Exam ining the symmetry of this molt disruption m ight be
helpful in starting to understand the m echanism s of disruption.
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Figure 11: Average molt score across treatm ent groups from shortly after the onset of
m olt through to the end of molt (F2u = 2.46, P = 0.09).

7.5

7

6.5

6

♦♦
5.5

5

0

5

10

15

20

25

30

35

Individual blood mercury before molt (ppm w et weight)

Figure 12: Relationship betw een blood mercury at the onset of m olt (mid-M ay) and
average change in m olt score per scoring occasion (June through A ugust 2011) (y=
0.035x + 5.884, F25 = 10.133, r 2= 0.16, P= 0.003).

45

30

ou
ou
1/3
1

20

03

M
03
o
>

15

<

0

5

10

15

20

25

30

35

Individual blood mercury before molt (ppm w et weight)

Figure 13: R elationship between blood m ercury at the onset of m olt (m id-M ay 2011) and
average m olt score (June through A ugust 2011) (y= 0.143x + 26.845, F2S4- 6.143, r 0.016, P= 0.014).

F

P9
PI

Figure 14: Photographs of right wings of a bird displaying a normal m olt sequence from
the control group (A) and a bird from the 1.5 ppm M eHgCys group showing abnormal
molt sequence (B). Four birds on m ercury but none of the control birds showed this
disruption in flight feather m olt sequence {F isher’s exact test, P= 0.158).
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Section I: Flight Perform ance

Chronic exposure to 1.5 ppm dietary mercury resulted in a general decrease in
escape take-off flight performance. The m ost prom inent differences occurred between
session 1 (pre-dosing) and session 5 (40 weeks after dosing; 20 weeks after molt).
Controls exhibited a 39.7% m ean increase in energy gained during take-off between these
two sessions, while birds dosed with 0.75 ppm M eHgCys dem onstrated a relative mean
decrease o f 17.4% and birds dosed with 1.5 ppm M eHgCys exhibited a mean decrease of
31.3% (Fig. 5b). Furtherm ore, individual blood mercury was negatively related to change
in energy expenditure (Fig. 6 b), such that increasing blood m ercury resulted in lowered
energy expenditure during escape take-off. The overall pattern o f results in the present
study w ere consistent with the hypothesis that mercury causes decreased escape take-off
flight perform ance.
U nexpectedly, there were differences in take-off perform ance am ong treatm ent
groups before dosing began (See Fig. 4). Differences in cage environm ent are a possible
explanation, but pseudoreplication is unlikely because the subjects were separated into
their treatm ent groups (two cages per treatm ent) only 8 days prior to the session 1 flight
test. M ost likely there were actual differences among the groups resulting from normal
variation com bined w ith sam pling error and low sample size. A lthough the initial
difference in flight perform ance am ong the groups was not expected, the design o f my
experim ent allowed for individuals to serve as their own controls, correcting for this
problem . I analyzed w ithin-individual changes am ong the groups, so the difference in
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mean energy expenditure between treatm ents during session 1 did not affect the
interpretation o f my results.
Wild songbirds experiencing similar m ercury exposure as the birds in the present
study are likely to suffer direct fitness consequences as a result o f decreased ability to
escape predators (Lim a 1993; W itter et al. 1994; M etcalfe and Ure 1995). There is also
high potential for indirect fitness consequences resulting from deficiencies in foraging
success, courtship, food provisioning to young, m igratory journeys, or any num ber o f
vital behaviors in a songbird's lifetime that require efficient locomotion.
The specific cause behind the observed decrease in flight performance is not
easily pinpointed because o f the interconnectivity between physiological and
neurological flight m echanism s (Pennycuick 1968, 1997; Biewener at al. 1992; Swaddle
and W itter 1997; Dudley 2002; Tobalske et al. 2005) and the com prehensive effects of
mercury on these systems (Eisler 2006; Cam bier et al. 2009; Glaser et al. 2010;
Seewagen 2010; Cai 2011). There may have been disruptions in several underlying flight
m echanism s that led to the patterns I observed, and further research on mechanisms
underlying this effect would be fruitful.
The consistent increase in energy expenditure dem onstrated by control birds could
signify that there were changes in some physiological flight m echanism that allowed for
better perform ance over time. For exam ple, captive starlings are able to adjust to
captivity by regulating their m ass in accordance to food availability (W iersm a et al.
2005). M ore specifically, captive starlings with unpredictable food availability expend
more energy flying and m aintain higher masses than birds exposed to a constant food
source (W iersm a et al. 2005). M ass regulation and energy budget are directly related to
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escape take-off flight perform ance (Swaddle and W itter 1997). thus the differential
changes in flight perform ance between the groups may have resulted from a difference in
perception o f food availability, daily energy use, or mass regulation. Other differences in
adaptive responses to captivity are also possible.
All the birds were exposed to successive anthropogenic stressors including
frequent handling, which can reduce stress response in starlings (Dickens and Romero
2009) and subsequently decrease escape success. However, by 10 months in captivity,
starlings typically reestablish a normal startle response. It is possible that the control birds
were able to rem ount their typical stress response while the dosed birds were not,
especially considering the known disruptive effects of mercury on corticosterone, a major
m echanism for proper stress response in birds (Tan et al. 2009; W ada et al. 2009).
An alternative explanation for the increased perform ance exhibited only by
controls is that control birds may have learned how to better com plete the flight test over
tim e while dosed birds did not. M ercury is known to cause cognitive deficiencies (W olfe
et al. 1998; Cai 2011), thus it is possible that there were differences in learning ability
that led to increased perform ance by controls but not by dosed birds. My hypothesis that
m ercury-dosed birds were less capable o f learning the flight test may also explain the
changes in angle o f take-off am ong the groups (Fig.7a; Fig7b). In an ecological setting,
birds m ust m ake rapid decisions about the most effective angle and speed o f take-off.
Changes in angle over time could reflect changes in strategy based on previous
encounters. Control birds took o ff at a significantly shallower angle in session 4
com pared w ith session 1, but high-dosed birds did not appear to alter their strategy,
taking o ff at only a slightly shallow er angle (Fig. 7a). The predator stim ulus in this
sim ulation was terrestrial rather than aerial, so the birds may have originally perceived
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the most efficient take-off response to be a steeper angle o f trajectory, which has been
shown to result in increased survival during attacks from terrestrial predators (Lima 1993;
W itter et al. 1994). However, a typical wild predator would pursue the birds along the
ground unlike the stationary predator stim ulus used in the present study. Thus, it is
possible that the control birds learned to alter their escape strategy by reducing their angle
o f take-off and reaching safety faster. The differences in change o f angle from session 1
to session 5 were similar across all treatm ents (Fig. 7b). This may indicate that highdosed birds required m ore exposure before learning to adjust to the test.
Differences betw een treatm ent groups in energy expenditure were not detectable
during the molt period, although this is not surprising considering the costs that molt
alone confers on take-off flight (Swaddle and W itter 1997). It is also im portant to note
that while the birds were molting, m ercury was being sequestered into their feathers
(Condon and Cristol 2009), so the dosed birds were experiencing a much reduced
m ercury burden in living tissue during this period compared with the post-m olt period
(Fig. 3). Thus, any physiological effects o f mercury, especially on a cellular level, may
have been greatly reduced during molt.
Results from the m aneuverability test revealed no differences in velocity or angle
between the treatm ent groups from session A (pre-dosing) to session B (38 weeks after
dosing, 16 w eeks after molt). However, the maneuverability test was a novel approach to
m easuring turning flight perform ance, and the measurements taken were simpler than
those taken in the take-off test. In the take-off test analysis, I com bined velocity, height,
and mass into a single m etric o f energy per unit mass (Swaddle et al. 1999), whereas I
m easured velocity and angle as separate variables to analyze turning flight performance.
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In order to generate a m easure o f energy, I would have needed to use a second camera to
record height. It is possible that tradeoffs between speed and angle rendered any effects
o f m ercury on m aneuverability flight undetectable.
In summary, birds in different treatment groups showed differential patterns of
energy expenditure and strategy during escape-take off. In general, control birds
im proved in flight perform ance over time while low-dosed birds and high-dosed birds
worsened. There are m any m echanism s involved in flight, some o f which are tightly
interconnected. Thus, it is difficult to pinpoint which flight m echanism s may have been
disrupted by mercury. But because these birds were not developm entally exposed,
im m ediate effects o f m ercury on cellular activity may be likely. For example, mercury is
related to increased oxidative stress (Henny et al. 2002), which is also magnified byengaging in an energetically expensive activity like flight. Reduced feather quality is also
possible, w hich may have covaried with mercury treatm ent or occurred as a result o f
increased molt rate (discussed in Section III). It is likely that m ercury caused alterations
in a com bination o f many neurological, bioenergetic, physiological, and behavioral flight
m echanism s (Hoffm an and Heinz 1998; Bouten et al. 2000; Eisler 2006; Evers 2008;
Franceschini et al. 2009; Frederick and Jayasena 2011) that together reduced flight
performance.
Based on my results, I w ould recom m end further testing to begin to understand
w hether cognitive function and/or physiological changes are influencing flight
perform ance. For exam ple, applying differential flight tests with unique predator stimuli
on each testing occasion could reduce the ability o f birds to learn to perform the test
better but still show changes in energy expenditure during simulated escape. Applying a

52

flight test that requires learning in parallel to this would allow for the differentiation
between effects o f mercury on learning and effects o f mercury on some other
physiological param eter during escape flight.
I would also recom m end tests that better elucidate what cellular mechanisms may
be causing the observed changes. For example, it is believed that corticosterone increases
energy levels for a prolonged period after a stressor is presented, which allows an animal
to recover from a stimulus quickly and respond to a subsequent stressor (Sapolsky et al.
2000). Therefore, exposing birds to successive predator stim ulus simulations may
elucidate differences in corticosterone mediated stimulus response. Differences in the
ability to recover from oxidative stress would also be apparent.
In summary, m ercury dosed birds suffered a consistent decrease in escape take-off
flight perform ance. Considering the num ber o f predator-prey interactions that occur
during the lifetime o f a wild bird along with the myriad o f im portant behaviors that
require efficient flight ability, it is possible that this decrease would have significant
fitness effects. It is im portant to recognize that the m agnitude o f the observed reduction
in flight perform ance w ould likely be exaggerated in wild populations because wild birds
undergo m uch more day to day stress than captive birds.

Section II: M olt
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M olt rate and average molt score increased with blood mercury across treatments
(Figures 12, 13). These results indicate that mercury caused birds to molt faster. Further
investigation is needed to elucidate whether mercury dosed birds also experienced an
earlier date o f onset. An increased rate o f molt is o f general ecological significance
because it can result in poor-quality feathers, which negatively affect flight and
therm oregulatory ability (Dawson et al. 2000). Changes in the timing o f molt are also
im portant because molt phenology plays a central role in the energetic budgets o f birds
(Renfrew 2011). Birds undergo molt when they are least likely to engage in other
energetically expensive activities such as breeding, parenting, or migration. If the
tem poral relationship between any o f these events were altered or if molt were to overlap
with them, there may be deleterious fitness consequences (Echeverry-Galvis 2012).
Since reduced feather quality can cause decreased flight performance, the
observed increased rate o f molt among m ercury-exposed birds could play a role in
explaining their associated decrease in take-off flight performance. Specifically, the
dosed birds may have grow n poor quality feathers as a result o f accelerated molt, which
consequently caused a reduction in flight performance. However, it is important to note
that during session 1 the starlings,w hich were all juveniles, had not yet undergone their
first pre-basic molt. Therefore their flight feathers had been experiencing wear for nearly

8 months. During sessions 4 and 5 newly grown flight feathers had only been
experiencing w ear for about h alf that am ount o f time, but feathers o f poor initial quality
are more vulnerable to degradation (Vagasi 2011).
During the molt assessm ent, I observed out o f sequence feather loss in four
starlings dosed w ith m ercury (Fig. 14). During normal molt in starlings, prim ary feather
loss is staggered so that birds do not have large gaps in their flight feathers at any one
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time; this helps to ameliorate the reduction in flight performance caused by molt
(Dawson 2003). Out o f sequence feather loss and the simultaneously re-grow ing o f
feathers creates abnormally large gaps and could affect flight and other functioning o f the
wing. The number o f birds exhibiting this abnormality in my study was not statistically
significant, yet to my knowledge this kind of alteration has never been recorded despite
abundant research on molt in starlings (J. P. Swaddle, unpublished data). U nfortunately, I
did not exam ine the symmetry of this molt disruption, which would have clarified
w hether this observation indicated a system atic problem with the control of molt or local
injuries or aberrations that affected just a few feathers on one wing.
Changes in hormonal fluxes are thought to drive tim ing and rate o f molt, and have
also been associated with mercury in a variety o f studies (Burton & M eikle 1980; H ontela
et al. 1992; Friedman et al. 1998; Leblond & Montela 1999). Thus, disturbances in
steroidogenesis may have resulted in differential molt patterns between the dosed and
control birds. One specific hypothesis is that mercury depressed testosterone (Frederick
and Jayasena 2011), w hich is closely linked with the onset o f molt in starlings (N olan et
al. 1992). But it is important to note that the birds used in my study were non-breeding,
non-m igratory captive birds, so they were likely not experiencing the same fluxes in
horm onal levels that wild birds experience. M olt occurred earlier than it does in the wild
for all o f the captive birds, presum ably because the absence o f reproductive behavior
lowered circulating testosterone. Tracking the progress o f molt in wild birds
environm entally exposed to m ercury would be necessary to determ ine w hether the
differences I observed in captivity are repeatable in wild populations experiencing normal
horm onal fluxes.
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Overall, results from the molt assessment dem onstrate that mercury affected molt
pattern. Birds with higher blood mercury molted at a faster rate and, on occasion, molted
in a pattern that is highly unusual for starlings. These results are ecologically relevant
because increased molt rate leads to reduced feather quality and decreased survival
(Dawson 2002; Hinsley et al 2003).

Section III: Environm ental Relevance of Induced M ercury Levels

A limited num ber o f studies have measured blood m ercury in passerine birds, especially
those that forage prim arily in terrestrial ecosystems. Based on the data available, it is
reasonable to assume that the blood mercury levels induced in this study (4.2 ppm - 11.3
ppm ) are most likely reflective o f birds exposed to high m ercury contam ination at an
industrial point source. For exam ple, Cristol et al. (2008) recorded blood m ercury levels
in Carolina Wrens (Thyrothorus ludovicianns) living in a point-source location that
averaged 8.76 ± 6.46 (SD) ppm. However, most other studies have reported m uch lower
levels o f blood m ercury in passerines (Rim mer 2005; Eisler 2006) even in areas
contaminated with mercury (Brasso et al. 2008; Condon and Cristol 2009; Jackson et al.
2011). More research is needed to better understand how environm ental m ercury relates
to accum ulation in terrestrial birds, especially considering differences in foraging
behavior, dietary intake, m etabolism , and body size am ong species.
It is also useful to consider mercury levels o f terrestrial invertebrates living in
contaminated areas since they are a common food source for m any songbirds. Cristol et
al. (2008) reported that spiders consumed by passerines in a contam inated area had an
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average total mercury concentration o f 1.24 ± 1.47 ppm dry weight, which is sim ilar to
the lower dose used in the present study (equivalent to 1.83 ppm dry weight). However,
spiders contained elem ental mercury in addition to m ethylm ercury, so actual
m ethylm ercury consum ed by predators would be lower. M uch lower m ercury levels were
reported in invertebrates sampled from an array o f ecosystem s across N orth A m erica
(0.21 - 0.28 ppm dry w eight in areas with mercury present in the soil; H argreaves et al.
2 0 1 1 ).

In summary, the blood levels induced in the present study are higher than levels
reported for songbirds in most cases, but can occur in some areas o f high contam ination.
There is also some indication that passerine prey items in areas contam inated by pointsource m ercury have similar proportions o f m ercury to the food used to dose the birds in
my study, although a portion o f the mercury is elemental. Based on these limited
associations, the im plications o f this study are likely m ost applicable to songbirds living
in point-source contam inated areas with relatively high environm ental m ercury
contamination. Terrestrially foraging passerines exposed to lower-levels o f
environm ental m ercury through atm ospheric deposition are not likely experiencing the
effects dem onstrated here.

Section IV: Conclusion
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There have been many studies that assess the effects o f mercury on the health o f wildlife,
how ever little is known about the effects o f mercury on passerine birds, a terrestrial taxa
com mon in areas where mercury is present throughout the food chain. Free-living
passerines with high levels o f mercury in blood and feathers are know n to suffer impaired
reproductive success (Brasso and Cristol 2008; Jackson et al. 2011), so it is likely that
upstream responses to mercury are affecting a multitude o f im portant health parameters.
In this study I found that starlings chronically exposed to dietary m ercury had abnormal
molt patterns and decreased the energy expended during escape take-off, both o f which
could affect fitness. This research is aimed at beginning to fill in the know edge gap
concerning risk thresholds for terrestrial songbirds, and indicates that 1.5 ppm dietary
M eHg may pose threats to songbirds by altering flight perform ance and molt.
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